Insect lectins are important as part of nonspeciˆc selfdefense, but their antifungal mechanisms remain to be elucidated. Fungi contain glucans on the cell surface and insect glucan-binding proteins are considered to be essential for antifungal mechanisms. We puriˆed glucose-binding proteins from hemolymph of pupae of the silkworm Bombyx mori, and the amino acid sequence analysis showed that their two proteins are 30-kDa lipoproteins, major components of B. mori hemolymph. These lipoproteins speciˆcally bound to glucose and glucans, suggesting that they are involved in insect self-defense systems.
Insects have self-defense systems against invading microorganisms such as bacteria and fungi, as vertebrates do. 1) Vertebrates have acquired immunity, and invertebrates, including insects, have innate immunity consisting of non-speciˆc factors, instead of acquired immunity. Insect immunity consists of cellular and humoral reactions, and both reactions work in concert to prevent insects from acquiring infections of microorganisms. Humoral reactions involve a lot of immune proteins such as lectins and binding proteins triggering immune reactions. In many instances, however, antifungal mechanisms are not clearly known compared to antibacterial mechanisms. Fungi contain glycoproteins, glucans, and chitin on the cell wall.
2) The major structural components of the fungal cell wall are a-1,3-, b-1,3-, and b-1,6-glucans. a-1,3-Glucan is found on the cell surface of several pathogenic fungi and may be an important common virulence determinant.
3) Here we describe the puriˆcation and characterization of glucan-binding proteins in the hemolymph of the silkworm, Bombyx mori.
The p22 strain of B. mori, maintained in the Silkworm Genetic Division, Institute of Genetic Resources, Kyushu University, was used. The hemolymph of B. mori pupae was put on a column of maltose-agarose (Honen) or glucan (from Saccharomyces cerevisiae, Sigma) in a loading buŠer containing 125 mM NaCl, 10 mM CaCl2, 25 mM TrisHCl, pH 7.5, and then washed with the loading buŠer.
4) The glucan column was prepared by packing insoluble glucan in a column. In some cases, 2.5 mM EDTA instead of CaCl2 or 100 mM competing monosaccharides and 5 mg W ml glucans (glycogen and dextran) were added to the loading buŠer and samples. The column was eluted with the elution buŠer (125 mM NaCl, 10 mM CaCl2, 100 mM glucose, 25 mM Tris-HCl, pH 7.5). The bound proteins were put through 10z SDS-PAGE, and detected by silver staining or electroblotted onto polyvinylidene di‰uo-ride (PVDF) membranes (Sequi-Blot, Bio-Rad).
5)
The proteins were cut from the PVDF membranes and sequenced by automated Edman degradation on a gas-phase protein sequencer (PPSQ-21A, Shimadzu).
Glucose-binding proteins were puriˆed from the pupal hemolymph of the silkworm B. mori by a‹nity chromatography on maltose-agarose. Several proteins bound to glucose in a calcium-independent way (Fig. 1) . The N-terminal amino acid sequences of two 30-kDa glucose-binding proteins were analyzed, and we found that they were B. mori 30-kDa lipoproteins (19G1 and 6G1), major plasma proteins of B. mori (Fig. 2) . [6] [7] [8] However, the amino acid sequences of other glucose-binding proteins from the hemolymph could not be identiˆed, probably because they are Nterminally blocked. The binding of these lipoproteins to maltose-agarose was inhibited by glucose, glycogen, or dextran, but not by the other monosaccharides as N-acetylglucosamine, galactose, N- acetylgalactosamine, mannose, and fucose (Fig. 3) , suggesting that the 30-kDa lipoproteins speciˆcally recognize glucose and glucans. Furthermore, the two 30-kDa lipoproteins did not bind to chitooligoagarose, lactose-agarose, mannose-agarose, or fucose-agarose (Ujita et al., unpublished results). These results clearly show that the binding to maltose-agarose was totally dependent on the carbohydrate moiety on the gel resin and the presence of glucose residues is necessary to achieve speciˆc binding of these lipoproteins. The 30-kDa lipoproteins also bound to glucan from S. cerevisiae and the binding was inhibited by the addition of glucose (Fig. 4) . These data suggest that the 30-kDa lipoproteins can bind to glucans on the cell surface of invading fungi and play an important role in immunity as well as lipid transfer in B. mori hemolymph. The 30-kDa lipoproteins might participate in a cellular defense reaction such as hemocyte nodule formation through the binding to speciˆc hemocyte membrane receptors. The binding of B. mori 30-kDa lipoproteins to maltose-agarose and glucan in vitro was weak, probably because interactions with other self-defense factors (hemocytes and melanin) are necessary for strong binding to glucans of invading fungi in vivo. Many lectins form oligomers to bind their ligands with high a‹nity, so association of the 30-kDa lipoproteins themselves and with other molecules might be involved in the ligand recognition. It is unclear if the lipid moiety of these lipoproteins is involved in the glucose-binding activity.
This study is theˆrst report that insect lipoproteins bind to glucose and glucans. It is interesting to note that hemocytin, a B. mori humoral lectin, also binds to maltose. 9) Hemocytin has no signiˆcant similarity to B. mori 30-kDa lipoproteins and it binds mainly to N-acetylgalactosamine and mannose as well as maltose although the 30-kDa lipoproteins speciˆcally bind to glucose, maltose, and glucans. Injection of heat-killed bacteria into larvae of the greater wax moth, Galleia mellonella, is followed by changes in lipoprotein composition in the hemolymph. 10) Lipophorin of lower density is formed during immune responses in G. mellonella and the hemocytes are activated to form superoxide radicals upon incubation with low-density lipophorin, but not with high-density lipophorin. Theseˆndings suggest that larval lipophorin formed in vivo is an endogenous signal for immune activation. It was found that lipophorin forms a complex with lipopolysaccharide of bacteria in B. mori hemolymph and the formation of this complex strikingly reduces the cecropin inducibility of lipopolysaccharide.
11) The lipoproteinlipopolysaccharide complex formation was suggested to be a common pathway to inactivate lipopolysaccharide both in insects and in mammals. It was reported that hemagglutinins are identical to the vitellogenins in the Colorado potato beetle, Leptinotarsa decemlineata, and lipophorin forms a complex with melanin to encapsulate invading microorganisms in insects.
12) The ability of B. mori 30-kDa lipoproteins to bind to glucans may play an important role in defense against fungal infection, since enough of these lipoproteins are present to aggregate and encapsulate invading microorganisms in the hemolymph, and might form a huge complex with lipids, melanin, and hemocytes. These lipoproteins could be involved in aggregation of pathogenic fungi and the following nodule formation and encapsulation in hemolymph of B. mori for self-defense.
